Rotaviruses are responsible for severe diarrhea in infants and substantial economic losses in animal husbandry worldwide. We investigated the oxidant/antioxidant status in rotavirus-infected human colon adenocarcinoma (Caco-2) cell line. Our results show that within the initial 48 h of infection the expression of the mitochondrial superoxide dismutase (MnSOD) is significantly increased, which correlates with a decrease in reactive oxygen species production, and with a lack of cellular glutathione depletion. During this period the mitochondria display a hyperpolarization of the inner membrane, which leads to an increased mitochondrial membrane potential. No increase in apoptosis was detected in the infected cultures. In contrast to many viral infections which cause redox imbalance in host cells, the described virus-host interaction suggests that rotavirus infection does not lead to an induction of oxidative stress, possibly to prolong cell survival and to allow for accumulation of viral particles before cell destruction and virus release.
Introduction
Rotavirus disease continues to be highly prevalent in the world. Irrespective of sanitary and socioeconomic conditions most children up to 2 years of age become infected with the virus. Replication of rotavirus proceeds in differentiated enterocytes at the tips of the villi of the small intestine, causing multifactorial diarrhea, fever and vomiting in children and young animals. Rotavirus causes at least half a million human deaths annually and produces serious losses in animal husbandry worldwide (Cilli and Castrucci, 1981; Lundgren and Svensson, 2001; Ramig, 2004) .
Rotavirus is a double-stranded RNA virus belonging to the family Reoviridae. The viral capsid is formed by proteins VP2, VP6 and VP7, with dimers of VP4 protruding from the outer VP7 layer. The 11 segments of viral RNA code for 12 structural and non-structural proteins (Li et al., 2009) . Nonstructural protein 4 (NSP4) is an enterotoxin, known to cause diarrhea in mice, most probably through calcium release from intracellular stores (Tian et al., 1995) , which results in enterocyte death, and via promotion of chloride secretion by the intestinal mucosa. NSP4 is also released from infected enterocytes and acts on neighbouring uninfected cells, augmenting diarrheogenic potential of the virus (Ball et al., 1996 (Ball et al., , 2005 Ramig, 2004) .
A common event during multiple viral infections is the disruption of redox balance in infected cells. This occurs through a decrease in antioxidant enzyme levels, depletion of cellular antioxidant molecule stores (glutathione) and through enhanced production of reactive oxygen species (ROS), which allow for fast killing of infected cells and thus, increased viral spread in the organism. In influenza virus, HBV, HCV or HIV infections an interference of the virus with the antioxidant status at the site of the infection, as well as in PBMCs and blood plasma has been demonstrated (Boya et al., 1999; Dikici et al., 2005; Dobmeyer et al., 1997; Knobil et al., 1998; Korenaga et al., 2005; Liao et al., 2002; Treitinger et al., 2000) . These reports indicate that redox imbalance during viral infections has a strong influence on target tissues as well as on the whole organism, through altering both non-immune and immune cell function and viability.
ROS, created via single electron reductions of oxygen, are produced in cells during normal and pathological processes. ROS can be specific signaling molecules, stimulating cell proliferation (Halliwell and Gutteridge, 2007a,b; Murrell et al., 1990) , contributing to antiviral defense (Skulachev, 1998) , or modulating enzyme activities (Djordjević, 2004) . However, a strong increase in their production is deleterious to cells due to oxidative stress and damage to cellular components. ROS are mainly produced in the mitochondria, originally as superoxide anion (O 2
•-
), created as a by-product of oxidative phosphorylation in the respiratory chain (Djordjević, 2004) . This radical is transformed into other ROS, such as hydrogen peroxide (H 2 O 2 ), nitric oxide (NO 
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The first line of defenses against the deleterious effects of ROS production are the superoxide dismutases (SODs), catalyzing the dismutation of superoxide radical into H 2 O 2 , which is removed by catalase or glutathione peroxidase. Three SOD proteins have been described in mammals: CuZnSOD (SOD1), which resides in the cytosol, nucleus, lysosomes and peroxisomes, ECSOD (SOD3), found in extracellular fluids, and MnSOD (SOD2), which resides in the mitochondria. MnSOD converts the majority of superoxide anions on site into less reactive H 2 O 2 (Halliwell and Gutteridge, 2007b; Inoue et al., 2003; Zelko et al., 2002) . Numerous studies have pointed to MnSOD as being vital for cell survival (Hoshida et al., 2002; Maier and Chan, 2002; Robinson, 1998; Saha and Pahan, 2007) . MnSOD knock-out mice die early in life, exhibiting cardiomyopathy, neuron degeneration and lowered mitochondrial enzyme activities (Li et al., 1995) .
Earlier studies on rotavirus infection reported that in wholeintestine homogenates of infected infant mice the activities of SOD and glutathione peroxidase were lowered (Sodhi et al., 1996) . Antioxidant protein expression and the influence of the infection on epithelial cells of the intestine had not been investigated in this model. More recent investigations reported that rotavirus infection causes an increase in inducible nitric oxide synthase mRNA in the mouse ileum and the release of nitric oxide derivatives from both rotavirus-infected mice and cultured human intestinal cells (Borghan et al., 2007; Rodríguez-Díaz et al., 2006) . The levels of other ROS produced during rotavirus infection had not been studied.
To study in detail the influence of rotavirus replication on the redox balance in target cells, we established in vitro assays using the simian SA11 virus in order to measure the expression and biological activity of cellular SODs and the presence of oxidative stress during the infection.
Results and discussion
Expression and biological activity of superoxide dismutases in rotavirus-infected epithelial cells
To investigate the expression of cellular SODs during rotavirus infection, we infected confluent cultures of Caco-2 cells with SA11 simian rotavirus (Fig. 1A ) and analyzed cell lysates at regular intervals up to 72 h p.i. At an MOI of 0.5, 80-100% cells were infected at 24 h p.i.
Western blot analysis of whole-cell extracts revealed that in comparison to control-treated cultures MnSOD protein expression was strongly increased in Caco-2 cells up to 48 h p.i. At 72 h p.i. the amount of MnSOD in infected cultures dropped below control level (Fig. 1B, C) . At this time there was marked cytopathic effect in infected cultures. In comparison to control-treated cultures, the expression of CuZnSOD was not significantly altered during the first 48 h p.i., but decreased in infected cultures at 72 h p.i. (Fig. 1B) .
The experiments were performed using medium supplemented with a low percentage of serum and in the presence of trypsin, as rotavirus requires proteolytic cleavage of spike protein VP4 to ensure efficient entry into the target cells (Arias et al., 1996; Denisova et al., 1999) . Serum deprivation (Ostrovsky et al., 2009; Tolosa et al., 2009) and the presence of trypsin are stressors for mammalian cell cultures. As MnSOD is a vital antioxidant enzyme, which is induced in various conditions stressful for the cells (Banerjee Mustafi et al., 2009; Bruin et al., 2008; Moreno-Fernández et al., 2008) , a progressive increase in MnSOD in control cultures had to be expected. To monitor changes in the expression of this stress response protein we treated control cells with exactly the same stressors as the infected cells, with only the difference in virus content. The results acquired from infected cells were compared to the control-treated cells. The effect of MnSOD upregulation depicted in Fig. 1B , C was therefore specific for rotavirus infection, despite the concurrent increase in basal MnSOD expression in uninfected cultures. A slight increase in the level of CuZnSOD in control-treated cultures was observed similarly to the level of MnSOD, being most probably also a stress-derived reaction of the cell. However, no specific influence of rotavirus on the level of this enzyme during the first 48 h p.i. was observed.
MnSOD protein overexpression had been described during viral infections (Wang et al., 2003; Yoshinaka et al., 1999) . The mechanism of increased MnSOD production in rotavirus-infected epithelial cells may be connected with calcium release from internal endoplasmic reticulum (ER) stores. Rotavirus particles maturate in the ER and induce changes in the structure of the organelle within 24 h p.i. (Jourdan et al., 1997) , most probably inducing ER stress which had been shown to induce enhanced expression of MnSOD (Kaneko et al., 2004) .
Our results obtained using the SOD activity assay indicated that at 24 and 48 h p.i. total SOD activity was increased in comparison to controls (+14% and +40%, respectively) (Fig. 1D) . As the levels of CuZnSOD were not found to be significantly different between control-treated and infected cultures, the increase in SOD activity can mainly be attributed to the upregulated MnSOD isoenzyme fraction.
As the increase in enzyme activity was not directly proportional to the rise in protein level in these lysates, it is conceivable that a fraction of overproduced MnSOD may have been inactive during rotavirus infection, possibly due to incorrect protein folding caused by the virus. Alternatively, it is conceivable, that despite the storage of the lysates at −70°C, a fraction of the enzyme was inactivated and the employed test showed lower MnSOD activity due to enzyme deterioration.
At 72 h p.i. SOD activity in infected cells dropped by −57%, concurrently with the decreased level of MnSOD. This is consistent with the drop in SOD activity observed during the examination of rotavirus-infected mouse intestines 3 days p.i. (Sodhi et al., 1996) . This decrease of MnSOD protein amount and SOD activity is most probably unspecific and caused by NSP3-dependent host protein synthesis shutoff, which is distinctly visible at late time points of the infection (PadillaNoriega et al., 2002) , or by the underestimation of cellular protein content in the lysates due to virus protein accumulation at this time of the infection.
Dependence of increased MnSOD expression on virus particle presence in the cells
During rotavirus infection enterocytes release NSP4 and other factors, which may have an impact on neighboring epithelial cells in the gut. To mimic these conditions, and to investigate whether the upregulation of MnSOD was an effect mediated by rotavirus infection alone, or by factors released from infected cells, culture supernatants from infected ( Fig. 2A) and from control-treated Caco-2 cells were collected at 24 and 48 h p.i. Following centrifugation (3× 135,000g, at 4°C) to remove infectious virus particles, the supernatants were applied onto fresh Caco-2 cultures, which were analyzed for the absence of viral particles by immunofluorescence ( Fig. 2A) and by Western Blot for MnSOD expression after 24 and 48 h (Fig. 2B ). At these time points, the levels of MnSOD did not differ between cells treated with supernatants derived from infected and control cultures, which indicates that virus presence in the cells is required to induce the alterations in MnSOD levels. As in our investigation the increase in MnSOD protein level was already visible in Caco-2 cells at 4 h p.i., when no VP6 fluorescence was yet detected in the cells (data not shown), it also is possible that increased MnSOD expression is dependent on viral RNA or structural protein presence in infected cells.
Presence of MnSOD in the mitochondria during rotavirus infection
MnSOD is synthesized in the cytoplasm, where also rotavirus replication takes place, and is then transported into the mitochondria where it gains biological activity. In order to assess whether the increase in MnSOD level was a rescue mechanism resulting from the alteration of protein transport into the mitochondria caused by rotavirus infection, we separated mitochondrial and cytoplasmatic fractions of Caco-2 cells at 24 and 48 h p.i. Western Blot analysis of the fractions revealed that MnSOD was present in the mitochondria, and absent in cytoplasmatic fractions of the cells (Fig. 3) , thus, rotavirus infection increases MnSOD protein amount in the main cellular ROS-producing organelles.
ROS production in rotavirus-infected epithelial cells
The assessment of ROS levels in Caco-2 cells infected with different MOI (0.1, 0.5 and 2.5) of rotavirus was performed using the oxidantsensitive probe DCFH-DA. Flow cytometric analysis revealed that ROS production in Caco-2 cells infected with an MOI of 0.1 did not change significantly during the first 48 h p.i. However, at an MOI of 0.5 and 2.5 the levels of ROS decreased strongly at 8 h p.i., to 86.6% and 61.2% of controls, respectively (Fig. 4A, B ). No significant difference in DCFH-DA fluorescence was noted between cells derived from normal and controltreated cultures at 48 h p.i. (Fig. 4C ). For probe controls, Caco-2 cells were incubated with 0.0001% H 2 O 2 ( Fig. 4D ). At this time point MnSOD production was increased to 153.6% of control as assessed by Western blot (Fig. 4E) . Subsequently, at an MOI of 0.5 and 2.5 the production of ROS increased slightly until the last time point (48 h p.i.) examined and oscillated around 117-127% of control levels ( Fig. 4A ). At the highest MOI the cell cultures displayed marked CPE at this time of infection (data not shown).
The experiments revealed that the levels of ROS were lowered in epithelial cells during the early phase (8 h p.i.) of the infection. Furthermore, the reductions in ROS levels were more pronounced at this time when a higher MOI was applied to the cells, and this effect was During later time points of the infection ROS returned to control levels, despite the increase in MnSOD protein expression visible in Western Blot until 48 h p.i. This may have been caused by an increase in mitochondrial ROS production. Thus, at early time points of the infection the upregulated MnSOD successfully scavenged ROS produced in the mitochondria. However, it is plausible that at later time points of infection an overproduction of mitochondrial ROS did not allow for further reduction in reactive species levels, which accumulated independently of increased MnSOD activity.
It has been shown that MnSOD overexpression can be induced by increased production of reactive oxygen species, via inflammatory cytokines such as TNF-α or IL-1 (Warner et al., 1996; Nogae et al., 1995) , through the activation of the NFκB factor by ROS (Jones et al., 1997) or during ER stress. In our study no significant increase in oxidant production was detected. It cannot be excluded and might be plausible that a short time increase in ROS levels is responsible for MnSOD overexpression during rotavirus infection. Most importantly, however, the net effect for the cell is a decrease in ROS levels at early time points of the infection, and at later time points no increase in oxidant production. The exact mechanism responsible for the increase in MnSOD levels still remains to be elucidated. However, not an increase, but rather control over ROS formation in the infected epithelial cell seems to be a part of the rotavirus replication strategy, and the ultimate cell death evoked by the virus is apparently not mediated by oxidative damage to cell components.
Cellular reduced glutathione (GSH) levels during rotavirus infection
To confirm the lack of oxidative stress throughout rotavirus infection of Caco-2 cells, we measured the amount of free reduced glutathione (GSH) in infected cultures, at different MOIs and time points of the infection. Glutathione (gamma-glutamyl-cysteinylglycine) is the main non-protein thiol and the most abundant antioxidant molecule in human cells. GSH acts as a reducing agent, maintaining control over the redox status in the cell (Franco et al., 2007) . Glutathione scavenges reactive species and changes in the reducing properties of the glutathione pool serve as a sensitive marker of the cellular redox status. Glutathione (GSH) reacts with oxygen free radicals and other reactive species, to reduce them, and thus forms a disulfide dimer (GSSG). GSSG is then reduced to GSH by glutathione reductase (GSR) in the presence of NADPH, and these GSH oxidation-reduction processes maintain a dynamic balance in the glutathione pool within the cell (Franco et al., 2007; Pastore et al., 2003; Schafer and Buettner, 2001) .
The results of our experiments are shown as percent absorbance of the −GSR sample in comparison to the absorbance of the +GSR sample (100%) (mean± SD) (Fig. 5A, B, C) .
Our experiments revealed that the reducing capacity of the endogenous cellular reduced glutathione pool (assayed without the addition of GSR) did not decrease in infected cultures, when compared to the reducing capacity of GSH pool measured in the presence of GSR, irrespective of the MOI used and time point examined, and constituted 12-23% of TNB production by the +GSR sample. Similar results were obtained using control-treated lysates. These results show that no oxidative stress was induced in Caco-2 cells during rotavirus infection. As control of glutathione depletion in these cells, buthionyl sulfoximine (BSO) was used, to block GSH de novo synthesis (Han et al., 2009 ). Caco-2 cells were stimulated with 10 μM BSO for 24 h. The production of TNB using these lysates was decreased by almost 62% (data not shown).
The depletion of GSH pool had been described as a central feature of multiple viral diseases, such as hepatitis C, HIV infection, or influenza, where glutathione is decreased in the target cells, PBMC or plasma (Boya et al., 1999; Staal et al., 1992; Suliman et al., 2001) . Low GSH pool in virusinfected cells favors the pro-oxidant state and increases viral infectivity, replication, virion production and release (Cai et al., 2003; Ryser et al., 1994; Schreck et al., 1991) . The lack of effect of rotavirus infection on GSH pool reducing capacity in Caco-2 cells in our experiments confirms the balance in ROS production during the infection, which was observed in the DCFH-DA fluorescence experiments.
In investigations using gut homogenates of rotavirus-infected mice a 1.37-fold decrease in the non-protein thiol fraction was reported (Sodhi et al., 1996) . This effect was noted at a late time point of the infection, and may have been due to a decrease in glutathione-recycling and/or synthesizing enzyme production. As the measurements were performed on whole-intestine homogenates it is also impossible to distinguish the effect of rotavirus infection on different cell types present in the infected gut.
Induction of apoptosis in rotavirus-infected Caco-2 cultures
The depletion of cellular GSH and an increase in oxidative stress belong to the most important inducers of apoptosis in mammalian cells (Das, 1999; Kern and Kehrer, 2005; Watson et al., 1996; Zucker et al., 1997) . Because no oxidative stress was observed in rotavirus-infected Caco-2 cells, we performed experiments to evaluate the induction of apoptosis in these cells. Our results revealed that rotavirus infection on Caco-2 cells did not result in significant activation of caspase-3, even at 48 h p.i. and at the highest MOI used (Fig. 6B, C) . As positive control, cells were stimulated for 24 h with 15 μM staurosporine, a known inducer of apoptosis (Uo et al., 2009) (Fig. 6A) .
This finding is in agreement with previous studies on apoptosis in mammalian cells, where a depletion of cellular glutathione and severe oxidative stress were strong inducers of apoptosis, and the maintenance of antioxidant defenses prevented this type of cell death (Franco and Cidlowski, 2006; Hammond et al., 2007; Kern and Kehrer, 2005) . Our observations showing cell longevity during rotavirus infection are also supported by in vivo studies, where the extent of diarrhea and severity of rotavirus disease did not always correlate with the extent of lesions visible in the gut (Lundgren and Svensson, 2001; Ramig, 2004; Starkey et al., 1986) .
Our electron microscopic investigations revealed that rotavirusinfected Caco-2 cells did not exhibit apoptotic morphologies such as chromatin condensation or breakdown into apoptotic bodies (Fig. 7B) . The apoptotic cells present in infected monolayers did not display any morphological indications of virus infection or replication (Fig. 7C) . Chaïbi et al. (2005) described the induction of apoptosis in rotavirusinfected Caco-2 cultures using various methods (TUNEL assay, mitochondrial membrane potential measurement, annexin V staining and cytochrome c measurement in the cytosol). The employed methods did not include the measurement of the activation of any central executioner caspase, which is a hallmark of apoptosis (Kumar, 2007) . TUNEL-and annexin V-positive cells were reported to correspond to swelling cells, which is not an apoptotic, but necrotic feature, while a major morphological feature of apoptosis is cell shrinkage. Necrotic cells swell as the cellular membrane becomes damaged and water and electrolytes pour into the cell (Fiers et al., 1999; Grooten et al., 1993; Häcker, 2000) . As described previously, these cells may display false positive annexin V staining (Chaves and Kallas, 2004; Lassus and Hibner, 1998) .
Caspase-3 activation was observed during rotavirus infection of MA-104 cells, as was measured by the cleavage of the specific caspase-3 substrate-PARP (Martin-Latil et al., 2007) . In both studies the efflux of cytochrome c was measured in the cytosol. It is therefore possible that cell death caused by rotavirus infection proceeds differently in Caco-2 and MA-104 cells, the two cell lines being of different origin (Londrigan et al., 2000) .
Mitochondrial membrane potential status during rotavirus infection
Actively transpiring mitochondria are the main organelles producing ROS in mammalian cells. We performed experiments to assess the status of mitochondrial membrane potential (MMP) during rotavirus infection. Caco-2 cultures were infected with SA11 rotavirus at an MOI of 0.5. At 24 and 48 h p.i. the dye JC-1 was applied onto the cells and mitochondrial membrane polarization was observed by fluorescence microscopy. JC-1 localizes to the mitochondria and depending on the membrane potential is retained as aggregates or as monomers. The aggregates of JC-1, formed in the presence of high MMP, emit red fluorescence. Low MMP excludes the formation of aggregates, and the probe is retained as monomers of JC-1, emitting green fluorescence. Microscopic examination revealed that at 24 h p.i. the amount of red-fluorescing mitochondria did not differ significantly from the control-treated cells (data not shown). However, at 48 h p.i. we observed increased numbers of red-fluorescing cells in infected cultures in comparison to controls (Fig. 8A) . As negative control we employed CCCP-an uncoupler of MMP (in CCCP-treated cultures no red aggregate fluorescence is observed) (Fig. 8A, C) . Flow cytometric analysis revealed that at 24 h p.i. the MMP in rotavirus-infected cultures did not differ significantly from the controls (Fig. 8B) . At 48 h p.i. rotavirus-infected cells displayed a median of 24.9% higher red fluorescence of JC-1 aggregates than in control population, which reflects higher MMP in infected Caco-2 cultures (Fig. 8B, C) , and this increase in MMP was proven significant (pb 0.05, one-sided Welch t-test). The results were obtained as fluorescence of the main cell population and calculated as a median (mean ±SD) of three independent experiments. In order to confirm these findings we conducted experiments with the MitoSOX dye (Invitrogen). When applied to cells, MitoSOX locates preferentially to the mitochondria and reacts with produced superoxide radicals to emit red fluorescence. Our preliminary studies using MitoSOX revealed that in Caco-2 cells infected with rotavirus 19.77% of cells in comparison to 5.46% in control-treated cultures displayed high red fluorescence of the dye (data not shown). These results support the JC-1 experiments, as high MMP allows for efficient ATP production, during which superoxide anion is created in significant amounts (Skulachev, 2006) . A rise in MMP during cell death had been noted in a variety of studies (Banki et al., 1999; Nagy et al., 2003; Sánchez-Alcázar et al., 2000) . The increase in MMP observed in our study may be a cellular reaction to rotavirus infection, with the host cell attempting to induce ROSdependent apoptosis. This finding is in contrast to results obtained by Chaïbi et al. (2005) , who also studied rotavirus infection in Caco-2 cells and described a significant drop (−42%) in MMP at 24 h p.i. as a feature of rotavirus-induced apoptosis. This discrepancy may be caused by the use of different probes for the evaluation of MMP. It had been described that the rotavirus enterotoxin NSP4, when released from infected cells, is able to evoke cellular plasma membrane destabilization and increased permeability to 400 -70,000 Da probes (Dickman et al., 2000; Newton et al., 1997) . As the molecular mass of JC-1 is 652 Da, it could be possible that in our investigation higher JC-1 red fluorescence in infected culture was evoked by increased uptake of the probe by infected cells, caused by NSP4-induced increase in permeability of Caco-2 cell membranes. However, dyes with similar molecular mass were used in the study by Chaïbi et al. (DiOC6(3) , molecular mass 572.5 Da; MitoTracker Red CMXRos, molecular mass 531.52 Da). Along with JC-1, these dyes diffuse passively through plasma membrane, thus, should NSP4 render the cell membranes in culture more permeable to small-sized molecules, Chaïbi et al. should have also observed this effect in their investigation. JC-1 uptake and fluorescence is not altered in cultured cells subjected to prolonged destabilization of plasma membrane, in contrast to DiOC6(3) probe which displays significant fluctuations in fluorescence within these cells (Salvioli et al., 1997) . Moreover, DiOC6(3) was also shown to accumulate not only in the mitochondria, but also to have significant affinity for other membranes within the cell (e.g. the ER, plasma membrane), and was described to be more suitable for the general study of cellular membranes rather than the MMP (Salvioli et al., 1997; Zuliani et al., 2003) . Thus, the increase in MMP observed in our study was caused by rotavirus infection and not by possible plasma membrane alterations which might have occurred during the experiments. Nagy et al. (2003) have shown that the rise in MMP is also concurrent with the elevation of cellular Ca 2+ levels, which is a common event during rotavirus infection (Tian et al., 1995) , and is caused by massive production of NO. Rodríguez-Díaz et al. (2006) report that NSP4 evokes rapid production of NO in HT-29 cells. Thus, during rotavirus infection calcium and NO-related events may be responsible for the increase in MMP.
Conclusions
In this study we described an interaction of rotavirus with the target epithelial cell, during which a strong increase in mitochondrial superoxide dismutase expression was observed until 48 h p.i. The rise in a vital antioxidant enzyme expression was most probably responsible for a marked decrease in the levels of the produced reactive oxygen species during the early phase of the infection. At later time points there was no indication of increased ROS production in the cells, despite a significant rise in mitochondrial membrane potential, which may ultimately lead to enhanced formation of superoxide radical, oxidative stress and cell death. However, until 48 h p.i. no activation of the central apoptotic caspase-3 was observed, and in electron microscopic investigations rotavirus-infected cells did not display apoptotic morphologies. In addition, our results showed that reduced glutathione (GSH) pool was maintained at control levels in the infected cells. This further supports the notion that in contrast to several other viral infections rotavirus does not interfere with antioxidant status in infected cultures. The infected Caco-2 cells maintain redox balance and the ultimate cell destruction caused by rotavirus is most probably not associated with oxidative damage to cellular components.
Materials and methods

Cells
Caco-2 (human colorectal adenocarcinoma, epithelial) cells were maintained in Dulbecco's Modified Eagle Medium (5.32 g/l) with Iscove's Modified Dulbecco's Medium (8.8 g/l) supplemented with 10% fetal calf serum (FCS), 0.03 M sodium hydrogen carbonate, 100 u/ ml penicillin and 0.1 mg/ml streptomycin (Sigma-Aldrich). MA-104 cells were maintained in Eagle's Minimal Essential Medium with Hanks salts (5.32 g/l), Earle's salts (4.76 g/l), 10% FCS, 15 mM sodium hydrogen carbonate, 1 mM sodium pyruvate, non-essential amino acids, 100 u/ml penicillin and 0.1 mg/ml streptomycin.
Virus infection
To produce virus stocks, MA-104 cells were infected with SA11 rotavirus in infection medium (0.1 M NaCl, 4 mM KCl, 0.3 mM MgSO 4 .7 H 2 O, 0.2 mM CaCl.2 H 2 O, 4 mM glucose, 0.25 mM Na 2 HPO 4 .2 H 2 O, 0.33 mM KH 2 PO 4 , 15 mM NaHCO 3 , lactoalbumin hydrolysate 2.7 g/l, Leibovitz 3.75 g/l, pH7.2; ATV [Alsever's trypsin/versene solution, 20 μl/ml, with trypsin concentration 0.5 g/l]). Infected cultures were incubated until cytopathic effects were visible and freeze-thawed twice. After centrifugation at 700g for 10 min, the supernatant was frozen at −70°C. Virus titer was evaluated on MA-104 cells by immunofluorescence using a polyclonal anti-VP6 rabbit serum, and calculated with Spearman-Karber formula with Poisson distribution correction.
For the experiments, confluent Caco-2 cultures were infected with SA11 virus in infection medium at 37°C, 5% CO 2 at an MOI of 0.5, if not otherwise indicated. After 1.5 h the inoculum was removed, the cells were washed with serum-free medium, and incubated in infection medium supplemented with 10 μl/ml chicken serum. Chicken serum does not contain trypsin inhibitors and thus does not interfere with rotavirus infection, while providing the cells with necessary growth supplements (Twist et al., 1984) . Because the produced virus stock contains cellular components, which might have an impact on redox status in the cells, MA-104 lysate was applied to control cultures during all experiments. For the production of the lysate, MA-104 cultures were incubated for 24 h in the serum-free infection medium supplemented with 10 μl/ml chicken serum, freeze-thawed twice and centrifuged to remove cell debris. Control lysates were stored at −70°C.
Immunofluorescence Cells grown in 6-well plates were washed with phosphate buffered saline (PBS, pH7.4) and fixed with 90% acetone for 20 min at −20°C. The cells were rehydrated with PBS for 10 min and blocked with 10% FCS for 45 min. Subsequently, the cells were incubated for 1 h with rabbit anti-VP6 serum, washed with PBS and incubated for 1 h with anti-rabbit IgG antibody, Alexa Fluor 488-conjugated (Molecular Probes), diluted 1:1000 in PBS. After washing, the cells were subjected to fluorescence microscopy.
Western blot
The cells were lysed for 30 min on ice in 100 μl of lysis buffer (1% glycerol, 5 mM EDTA, 0.1% NP40 in PBS, pH7.4, containing protease inhibitor cocktail, Sigma-Aldrich), and subsequently centrifuged for 10 min at 17,000g. Protein content in the supernatants was measured using BCA Protein Assay Kit (Pierce). To assess protein presence in mitochondrial and cytoplasmatic fractions of control-treated and infected cells, the fractions were separated using a Mitochondria Isolation Kit (Sigma-Aldrich), and prepared similarly to whole-cell lysates. The lysates were electrophoresed in 10% SDS-polyacrylamide gel and transferred to nitrocellulose membranes (Protran, Whatman) by means of semi-dry electrotransfer. Blotted membranes were blocked overnight in 5% low-fat dry milk in PBS containing 0.3% Tween 20 (Sigma-Aldrich) and subsequently incubated with primary antibodies (anti-MnSOD, 1:1000, BD; anti-SOD1, 1:5000, R&D Systems, antitubulin 1:20,000, Sigma in PBS/0.3% Tween 20). Protein signal was detected using horseradish-conjugated secondary antibodies and chemiluminescent substrate (Pierce) on autoradiography film (GE Healthcare). Densitometric analysis of detected bands was performed using AIDA (Advanced Image Data Analysis) software (Raytest).
Measurement of MnSOD activity
MnSOD activity was measured colorimetrically in cell lysates using the SOD Detection Kit (Bachem). For the analysis of enzyme activity, cell lysates were produced in non-denaturing conditions. Cell pellets were resuspended in ice-cold non-denaturing lysis buffer (1% glycerol, 5 mM EDTA, in PBS, pH7.4, protease inhibitor cocktail, Sigma-Aldrich). The cell suspensions were freeze-thawed twice, and centrifuged at 17,000g for 10 min. The supernatant was frozen immediately at −70°C.
Measurement of cellular reduced glutathione (GSH) levels
For the evaluation of the reducing capacity of the reduced glutathione (GSH) fraction during rotavirus infection, Caco-2 cultures were infected with SA11 rotavirus at MOIs of 0.1, 0.5 and 2.5, and at 8, 24 and 48 h p.i. the cells were trypsinized and resuspended in culture medium. The cell suspension was divided 1:3 and centrifuged. Cell pellets were washed with PBS and the cell pellet derived from 25% of the original cell suspension was prepared similarly to the samples for Western Blot analysis. Protein concentrations were measured using BCA Protein Assay Kit, and the results were used to estimate protein content in the remaining 75% of the original cell suspension, in order to compare GSH levels in the same amount of cellular protein between control-treated and infected cells. The remaining 75% of cells were resuspended in 5% 5-sulfosalicylic acid for deproteination and removal of protein thiols, and freeze-thawed twice. After centrifugation at 10,000g for 10 min to remove precipitated proteins, the reduction of DTNB to TNB was assayed in control-treated and infected cell lysates using the Glutathione Assay Kit (Sigma). During the reaction, GSH present in the cell lysate caused the reduction of the substrate, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) to 5-thio-2-nitrobenzoic acid (TNB), in the presence of NADPH. The experiment was performed in the presence (+GSR) and absence (−GSR) of glutathione reductase, with the reaction allowed to proceed for 5 min. The endpoint absorbance of TNB (measured at 412 nm) formed with and without GSR served as the marker of the reducing capacity of glutathione pool in the cells. Every sample was assayed in duplicate. All measurements were repeated at least four times in independent experiments.
Measurement of apoptosis induction in rotavirus-infected Caco-2 cultures
Apoptosis induction in rotavirus-infected Caco-2 cultures was evaluated by the measurement of the activation of the central executioner apoptotic caspase-3. The cells were infected with SA11 rotavirus at MOIs of 0.1, 0.5 and 2.5. At 24 and 48 h p.i. the cells were harvested and pelleted by centrifugation. The cell pellets were resuspended in 100 μl of Cytofix/Cytoperm Fixation and Permeabilization Solution (BD), and incubated on ice for 20 min. The cells were washed with Perm/Wash Buffer (BD) and incubated with PE-conjugated monoclonal rabbit anti-active caspase-3 antibody (BD) at room temperature for 30 min. Subsequently, the cells were washed and resuspended in wash buffer. The red fluorescence of PE was detected by flow cytometry using FACScalibur (Becton-Dickinson). As positive control, the cells were stimulated for 24 h with 15 μM staurosporine, which is a known inducer of apoptosis (Uo et al., 2009 ).
Electron microscopy
For routine EM, monolayer cell cultures of control-treated Caco-2 cells and rotavirus-infected Caco-2 cells (MOI 0.5) were fixed at 24 h p.i. for 60 min with 2.5% glutaraldehyde buffered in 0.1 M Na-cacodylate, pH7.2, 300 mOsmol (Merck, Germany). Fixed cells were scraped off, pelleted by low speed centrifugation and embedded in LMP agarose (Biozym, Germany). Small pieces were postfixed in 1.0% aq. OsO 4 (Polysciences Europe, Germany) and stained with uranyl acetate. After stepwise dehydration in ethanol, cells were cleared in propylene oxide, embedded in Glycid Ether 100 (Serva, Germany) and polymerized at 59°C for 4 days. Ultrathin sections of conventionally embedded material were counterstained with uranyl acetate and lead salts and subsequently examined with an electron microscope (Philips EM 400T and Tecnai 12, The Netherlands).
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was studied using JC-1, a dualemission mitochondrial potential-sensitive probe (5,5′,6,6′-tetrachloro-1,1′3,3′-tetraethylbenzimidazolocarbocyanine iodide, Sigma-Aldrich) (Cossarizza et al., 1993; Divi et al., 2007) . A stock of JC-1 (15 mM in DMSO) was stored at −20°C. CCCP (carbonyl cyanide 3-chlorophenylhydrazone, Sigma-Aldrich), as an uncoupler of mitochondrial membrane potential, was used as negative control. CCCP stock was prepared as 20 mM solution in ethanol and stored at −20°C. For the experiments, a 60 μM JC-1 solution was prepared in cell culture medium, vortexed, centrifuged at 700g for 5 min, and applied onto the cells. For negative controls, CCCP was added to medium containing JC-1 at a final concentration of 100 μM. The cells were incubated for 45 min at 37°C and 5% CO 2 . Subsequently, the medium was removed, the cells were washed twice with PBS (pH 7.4), trypsinized, and JC-1 fluorescence was measured by flow cytometry using FACScalibur (Becton-Dickinson) at 488 nm. Green fluorescence corresponds to JC-1 monomers, and red fluorescence corresponds to JC-1 aggregates.
Measurement of ROS levels
Measurement of ROS levels in infected cells was carried out using a fluorescent 2′,7′-dichlorofluorescein diacetate probe (DCFH-DA, Sigma-Aldrich). DCFH-DA stock (10 mM solution in DMSO) was stored at −20°C. For the experiments, Caco-2 cells were incubated with 20 μM DCFH-DA solution in serum-free medium. The cells were incubated for 30 min at 37°C and 5% CO 2 . For probe controls, DCFH-DA was added to cells incubated for 45 min with 0.0001% H 2 O 2 (Hafer et al., 2008) . Subsequently, the medium with the probe was removed, and cell monolayers were rinsed twice with PBS. The cells were trypsinized and resuspended in PBS. Green fluorescence of DCFH-DA was measured by flow cytometry using FACScalibur cytometer (Becton-Dickinson) at 488 nm.
